In all mammals so far examined, there is a period early in life when changes in visual experience profoundly alter the patterns of neuronal connections in the visual cortex (reviewed by Katz and Shatz, 1996; Hubel and Wiesel, 1998 
). It is important to note that in the mouse V1 primarily receives projections from the contralateral functions of CREB, together with its role in integrating important physiologic signals, suggest that gene exeye, and that the medial 2/3 of V1 is driven exclusively by the contralateral eye. Even within the binocular zone, pression via CREs might also be important for neuronal plasticity during development of the visual neocortex.
the responses through the contralateral eye predominate (Drager, 1978; Gordon and Stryker, 1996). The conTo examine the role of CRE-mediated gene transcription in visual cortical plasticity, we have utilized transgenic focal images shown correspond to an area in the middle of the visual cortex that includes primarily monocular mice that carry a lacZ reporter construct driven by CREs. This artificial reporter construct contains multiple copies zone and possibly some binocular zone. Their locations in the visual cortex are indicated by boxes in Nisslof consensus CRE elements placed in front of a minimal promoter fused to lacZ. Previous work using cultured stained images of the same section (staining done after confocal imaging, Figures 1G and 1H ). To determine the neurons and brain slices from these mice has demonstrated that the inserted CRE-lacZ reporter is regulated laminar distribution of the lacZ-immunopositive cells, the section shown in Figures 1C and 1D was stained by neuronal activity and by substances that enhance intracellular calcium and cAMP, and is blocked by voltwith ethidium bromide (a fluorescent nucleic acid dye that labels every cell) to identify the cortical layers. As age-sensitive calcium channel inhibitors (Impey et al., 1996) . In the present study, using these mice, we have shown in Figures 1E and 1F , the cortical layers are clearly visible with ethidium bromide staining, and, when comexamined CRE-mediated transcription in vivo during neocortical plasticity. Following monocular visual depripared to the lacZ immunofluorescence pattern, show that the lacZ-immunoreactive cells are distributed in all vation (MD), a procedure that induces synaptic reorganization in the visual cortex during the critical period, we of the layers with the exception of layer 1 (see also we find that the hemisphere contralateral to the open eye dominance is seen after 1 day of MD, while a partial has 4-fold more labeled cells compared to the ipsilateral shift is observed after 2 days, and at 4 days the effect hemisphere of the same sections (p Ͻ 0.04, Wilcoxon is maximal (Gordon and Stryker, 1996). We expect that sign-rank test). The ipsilateral hemisphere receives prithe signal transduction pathways that mediate the efmarily input from the closed eye and is labeled only fects of MD would be activated well before the first slightly higher than controls. physiologic effects are seen. Therefore, in the initial exIn contrast to the effects of MD, binocular visual depriperiments, we deprived critical period-age CRE-lacZ vation (BD), a condition that does not result in physiomice for 24 hr and then assayed the effects on CRElogic plasticity (Wiesel and Hubel, 1965 ; Gordon and dependent transcription by detection of the lacZ reStryker, 1996), also does not activate CRE-mediated porter product. transcription in the visual cortex. These results are sumThe levels of lacZ expression were determined in hismarized in Figure 1I . The median lacZ cell count for the BD group mice is zero. These data indicate that tologic sections by indirect immunofluorescence. As To determine the precise distribution of CRE-mediated transcription following MD in the neocortex, we similar kinetics, we sacrificed CRE-lacZ mice at varying ity, then CRE-mediated transcription might diminish as the animal matures and plasticity is lost. To test this In contrast, ipsilateral to the open eye, lacZ immunoreactivity in V1 is concentrated in a comparatively narrow possibility, we monocularly deprived CRE-lacZ mice of ages P40-P44 and looked for lacZ expression in the zone laterally that corresponds to the binocular zone. Medial to V1 (V2M or area 18b) bilaterally, there is a very visual cortex. We found a dramatic reduction in lacZ immunoreactivity in the visual cortex of these more malow level of lacZ immunoreactivity. Although this area also receives visual input, it receives few projections ture mice following MD, compared to critical period-age mice (P26-P28) (compare Figures 6A and 6B ). Four mice from V1. Lateral to V1, in area V2L (18a) and areas still more lateral, there is a moderate degree of lacZ immunoof ages P40-P44 were examined, and sections from these animals all showed very weak lacZ immunofluoreactivity. Area V2L receives direct thalamic input as well as abundant input from V1 (Simmons et al., 1982) . rescence labeling in the visual cortex. When the results are quantified by cell counting as in Figure 1 , we find a In kittens, plastic changes are known to occur in area V2 following MD. CRE-mediated lacZ expression strongly median lacZ-positive cell count of zero for this group. Analysis of nondeprived mice of similar age also showed declines in more ventral cortical areas.
To examine further the cortical distribution of CRElittle lacZ immunoreactivity (n ϭ 2; data not shown). In addition, we examined six mice of ages P52-P56 (three mediated transcription following MD, we prepared sagittal sections. Figure 5B shows a composite confocal imcontrol and three deprived) and found only background levels of fluorescence in visual cortical areas (data not age from such a sagittal section, from a CRE-lacZ mouse monocularly deprived for 3 days. This section is shown). In contrast to the downregulation of CRE-mediated from the hemisphere contralateral to the open eye; the corresponding ipsilateral hemisphere shows very little gene transcription, the level of CREB family protein in the visual cortex appears constant over these ages. lacZ immunoreactivity in V1 (data not shown). The anterior boundary of V1 is determined from a mouse histol- Figures 6C and 6D show comparable immunofluorescent staining of V1 with a polyclonal antibody (New ogy atlas (Franklin and Paxinos, 1997) and is ‫7.2ف‬ mm from the posterior edge of the cortex. This analysis England Biolabs) that recognizes most CREB subtype transcription factors. Therefore, the decline in CREclearly shows that lacZ immunoreactivity is concentrated within V1, diminishes just anterior to V1, and is mediated transcription is not likely to be secondary to changes in levels of CREB-related protein. It is striking drastically reduced in the primary somatosensory cortex (most anterior part of section shown). Taken together, also that CREB immunoreactivity is present in many 
Mechanistic Considerations of CRE-Mediated Transcription in the Visual Cortex
Since we are only changing the pattern of neural activity during MD, we think it is likely that the induction of CRE-lacZ transcription is caused primarily by changes in the pattern and/or magnitude of neuronal activity in the visual cortex. However, this effect cannot be a simple direct result of deprivation since declines in neuronal firing rates do not activate CRE-dependent signaling mechanisms. We suggest instead that blocking visually In all of these cases, the downregulations reported are and not transient. The time interval requirement for CREmodest, ranging from 40%-70% decline from the peak mediated transcription in the visual cortex is consistent values. However, the coordinate downregulation of an with the delayed onset of physiologic ocular dominance entire network of genes regulated by CREB, as is sugshifts following MD. The delay in CRE-mediated trangested by our result, might be sufficient to explain the scription could be due to the presence of inhibitors of decline in cortical neuronal plasticity during maturation CREB, such as inhibitory transcription factors that diand aging. We do not know why CRE-mediated tranmerize with and inactivate CREB (Sassone-Corsi, 1995), scription declines with maturation, though our evidence or the presence of high levels of intracellular phosphasuggests that it is unlikely to be caused by changes in tases that reverse CREB phosphorylation (Bito et al., levels of CREB-related transcription factors. There 1996; Liu and Graybiel, 1996) . These inhibitors would could be changes in calcium regulation and signal transneed to be downregulated before CREB can exert its duction with neocortical maturation. NMDA receptor effect. The presence of mechanisms that exert inhibitory function in the visual cortex appears to decline with effects on neuronal plasticity has been described in varimaturation and thus may affect calcium signaling (Tsuous natal development and spatially restricted to the occipital neocortex.
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